A TAR [4-(2-thiazolylazo)resorcinol] doped sol-gel silica sorbent (red colour, porous, stable, hard, non-swelling) was prepared, characterized and investigated for the removal of Co(II) from aqueous solutions. The kinetics, adsorption isotherm, equilibration time and effect of pH on such removal were studied to optimize the conditions necessary for large-scale application. Rapid equilibration was observed with adsorption equilibria being attained within 10 min. The adsorption of cobalt ions onto the plain (undoped) sol-gel silica was negligible. The maximum adsorption of Co(II) ions onto the TAR-doped sol-gel silica from single solutions was 12.6 mmol/g. The TAR-doped sol-gel silica could be regenerated by washing with a 0.1 M HCl solution to give a maximum regeneration value as high as 98.5%. The TARdoped sol-gel silica could be used for more than three consecutive adsorption/desorption cycles without experiencing any considerable loss of adsorption capacity. The adsorption process and the nature of the Co-TAR complex were discussed.
INTRODUCTION
The tremendous development of sol-gel technology over the last three decades of the 20th century has triggered new areas of research in different fields including chemistry. The sol-gel process is a low-temperature route for the production of optically transparent microporous glasses (Brinker and Scherer 1989) . The porous inorganic sol-gel matrix exhibits an adjustable porosity, high thermal stability and chemical inertness, and undergoes negligible swelling in aqueous solution (Lev et al. 1995; Yamanaka et al. 1992) . Modification of the sol-gel matrix has commonly been carried out by impregnation, covalent bonding and chemical doping (Barroso-Fernandez et al. 1998) . The latter method provides a general, inexpensive and simple route for the immobilization of reagents.
Recently, organically doped sol-gel materials have attracted significant attention (Hsueh and Collinson 1997; Sampath and Lev 1998; Petot-Diminguez et al. 1997) . One of the most interesting advantages of these materials is their ability to combine the merits of inorganic glasses with the intrinsic properties of organic molecules (Gvishi et al. 1997) . The unique properties of organically doped sol-gel have led scientists to develop a number of sensors (Brennan et al. 1999; Lev et al. 1995; Malins et al. 2000; Shi et al. 1997) . However, to date, only a few reports have appeared in the literature on studies of doped sol-gel silicas as sorbents for the removal of hazardous metal ions (Wong and Mackenzie 1994; Lin and Liu 2000; Khan et al. 2002) .
In the present work, we have examined a TAR-doped sol-gel silica sorbent developed in our laboratories for the removal of a long-lived and high-energy cobalt radionuclide from aqueous solution in an attempt to reduce the hazard category of such polluted solutions.
EXPERIMENTAL

Reagents and chemicals
Tetraethoxysilane (TEOS) 98.5% (Aldrich Chemical Co., St. Louis, MO, USA), TAN (Fluka Chemie A.G., Buchs, Switzerland), ethanol and ammonium fluoride (Merck, Germany) and doubly distilled water were used for the preparation of doped sol-gel silica. All other chemicals employed were of analytical grade.
The 60 Co radiotracer was prepared by neutron irradiation of Specpure cobalt in the PARR-1 research reactor of PINSTECH at a flux of 7 × 10 13 neutron/s, employing a known amount of cobalt metal sealed into a polythene capsule before irradiation. The irradiated metal was dissolved in a few drops of concentrated HCl, the acid then removed by repeated evaporation and the residue dissolved in 25 ml distilled water. Further dilutions were made from this stock solution. The radiochemical purity of the tracer was checked using a 25-cm 3 Ge(Li) detector coupled with a 4 k series 85 Canberra (USA) multichannel analyzer.
Buffer solutions within the pH range 1-10 having an ionic strength of 10 mmol were prepared using appropriate volumes of solutions of KCl and HCl (pH 1-2), sodium acetate and acetic acid (pH 4-6), boric acid and sodium hydroxide (pH 7-10).
Apparatus/instruments
All pH measurements were made using a Metrohm-605 pH meter. Shaking was performed using 30-ml glass vials fitted with Teflon-lined screw-type polythene caps. Gross g-ray measurements were undertaken on a Tennelec (USA) counting assembly equipped with a well-type 25 cm 3 NaI(Tl) crystal.
Preparation of TAR-doped sol-gel silica
Experiments were undertaken using doped sol-gel glasses prepared by a fluorine-catalyzed process (Pope and Mackenzie 1986) since fluorine-catalyzed gels undergo rapid gelation because of nucleophilic substitution of the fluorine atom and the subsequent rapid hydrolysis and polymerization of reaction sites. Thus, a solution consisting of the reagent dissolved in 10.0 ml tetraethoxysilane, 10.0 ml doubly distilled water and 25 ml ethanol was mixed with 10 -2 mol/l ammonium fluoride as a catalyst, allowed to gel and dried in an oven at 48°C to constant weight. After drying, the glasses were crushed and sieved, and the sieved glasses washed extensively with distilled water to remove the unattached reagent. The subsequent product was dried and stored in a vacuum desiccator until used. Before use for the removal of metal ions, the sorbent was conditioned in an appropriate buffer solution. The amount of doped reagent was determined by spectrophotometric determination of the leached dye in the washings. It was found thereby that ca. 24.9 mmol dye was entrapped per g sorbent. Undoped sol-gel silica was also prepared using the above procedure.
Procedure for the removal of Co(II) ions from solution by the sorbent
The adsorption of Co(II) from single metal aqueous solutions was investigated employing batch adsorption/equilibrium experiments at room temperature (28 ± 2°C), with the influence of the initial concentration of Co(II) and the pH on the adsorption capacity being studied. Studies of the removal of Co(II) by the doped sol-gel silica involved the addition of an appropriate quantity of tracer alone or tracer plus carrier to 5 ml of an aqueous solution of the doped sol-gel silica at the required pH. The resulting mixture was placed in a 30-ml glass vial and shaken vigorously for 2 min in a shaker (Griffin, UK). After this time, 1 ml of the solution was removed to allow the estimation of the initial Co(II) concentration, following which the remaining solution was allowed to equilibrate with the sorbent whose amount was varied as required. After such equilibration, each vial was centrifuged and the supernatant aqueous phase analyzed for its 60 Co content via the scintillation counter. Blank trials were performed for experiments when and where required.
Data treatment
The percentage removal of Co(II) was calculated using the following equation:
where C I = initial activity of solution and C F = final activity of solution.
The concentration of adsorbed metal ions was calculated through use of the equation:
where Q is the metal ion adsorption (mmol/g sol-gel silica); C i is the initial metal ion concentration; C f is the final metal ion concentration (mmol/l); m g is the quantity of metal adsorbent (g); and V is the solution volume (ml). Distribution ratios, Rd (ml/g), were calculated as:
where C i and C f correspond to the concentration of the aqueous phase before and after equilibration, respectively; W is the weight of dry sol-gel silica (g); and V is the volume of the aqueous phase (ml).
To determine the re-usability of the gel, three consecutive adsorption/desorption cycles were repeated with the same affinity gel. The desorption of heavy metal ions was performed using a proper solution. Thus, the gel loaded with cobalt ions was placed in the desorption medium and shaken for 30 min at room temperature. The final metal ion concentration in the aqueous phase was then determined.
The desorption ratio was calculated from the amount of metal ions adsorbed on the gel and the final metal ion concentration in the desorption medium using the following expression:
Desorption ratio Amt = × Amt. of metal ions desorbed to the elution medium of metal ions adsorbed onto the gel beads .
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As is obvious from this formula, TAR is capable of acting as an organic complexing reagent. It was selected for the present study for the following reasons:
(i) It has three functional groups -N=, -OH and -S-for ion exchange and/or the complexation of metal ions. (ii) It has been used for the extraction/complexation of cobalt (Havard 1975) . (iii) It is a large molecule that can be entrapped securely inside the sol-gel pores. (iv) The reagent exhibits reasonable selectivity in analysis (Soylak et al. 1997) and is readily available.
Surface characterization of undoped and TAR-doped sol-gel silica
The surface area, pore size, pore volume and pore-size distribution of undoped and TAR-doped sol-gel silica (-60 to +80 mesh size) were all determined by mercury intrusion methods, the results obtained being presented in Table 1 and Figure 1 , respectively. The data show that undoped and doped silica prepared via the sol-gel method had pores of uniform diameter and that the reduction in pore diameter may be due to doping with TAR.
208
Aslam Khan et al./Adsorption Science & Technology Vol. 21 No. 3 2003 To determine the equilibrium swelling ratio of the gel, ca. 2 g of the dry gel sample was placed into a cylindrical tube and the height of the bed formed by the dry gel (H i ) measured. Then, 30 ml of a buffer solution of a known pH and ionic strength was added in the tube. The sealed tube was shaken on a rotator at 30 rpm for 24 h and, at the end of this period, the height of the bed formed by the swollen gel beads (H f ) was recorded. The equilibrium water swelling ratio was calculated on the basis of the following expression:
Equilibrium water swelling ratio = (H i /H f ) × 100
RESULTS AND DISCUSSION
TAR as a reagent
TAR [4-(2-thiazolylazo)resorcinol] is an azo dye with the structural formula:
Thermal characterization of material TAR-doped sol-gel silica is red in colour while the undoped material is transparent. This suggests that there may be some intrinsic difference between the undoped and doped material. For this reason, an attempt was made to study the effect of TAR doping of the sol-gel silica by comparing the TG/DTA scans of a TAR/sol-gel silica mixture and the TAR-doped sol-gel silica using a NETZSCH STA-409 Simultaneous Thermal Analyzer. The results thus obtained are depicted in Figure 2 . The nature of the TG scans obtained in both cases suggests a similar behaviour for the TAR/sol-gel silica mixture and the TAR-doped sol-gel silica. The appearance of an endothermic peak at 329°C and additional endothermic/exothermic peaks in the doped sol-gel silica scan could be attributed to structural changes induced by TAR doping. However, detailed studies would be required to obtain information about these changes. 
Removal of Co(II) ions by TAR-doped sol-gel silica
Effect of pH
Because of protonation and deprotonation of the acidic and basic groups of the metal-complexing ligand (the dye molecule), the sorption behaviour towards metal ions would be influenced by the pH, since the latter affects the surface structure of the sorbent, the type of metal ions present in solution and the interaction between the sorbent and such metal ions. For these various reasons, the pH dependence of the adsorption of cobalt ions by TAR-doped sol-gel silica was investigated in detail. Figure 3 depicts the pH profile data for metal ion adsorption. This figure shows that the complexation behaviour of Co(II) ions was sensitive towards pH changes. Although the removal of Co(II) ion could not be effected with the plain sol-gel, removal of Co(II) ions increased in the case of the undoped sol-gel silica and attained a maximum value at pH 8. The high adsorption observed at pH 8.0 may be due to the greater availability of hard bases such as the nitrogen and oxygen atoms of the -N=N-and -OH groups in addition to the -S-group which is responsible for coordination of the Co(II) ion. The inhibition of metal chelation with decreasing pH has also been observed by several authors employing different sorbents (Denizli et al. 1998; Liu et al. 1990 ). Morover, a high level of adsorption at relatively high pH values implies that metal ions interacted with (unprotonated) groups by chelation (Denizli et al. 1996; Liu et al. 1990; Morris et al. 1997) . Figure 4 depicts the times required for the equilibrium adsorption of Co(II) ions onto the sol-gel silica from aqueous solutions at a constant pH value of 8.0. The rate of removal was very fast initially but became slower with increasing time. Thus, ca. 90% of the total removal occurred within the first 10 min but after that additional removal was slow. This may be attributed to the high rate of complex formation between the Co(II) ions and the TAR molecules on the surface of the gel. The process of removal was fast during the initial stages because of the availability of free sites on the surface and the easy approach of the metal ions. However, with increasing time, the blocking of active sites increased and metal ions had to diffuse through the pores in the sol-gel silica via an interconnected three-dimensional network of pores and channels before they could react with the entrapped reagent molecules and be retained inside the pores. Data on the adsorption kinetics of metal ions by various sorbents have shown a wide range of adsorption rates. It has been observed that many experimental and structural parameters influence the adsorption rate. These include the stirring rate of the aqueous phase, the structural properties of the sorbent (e.g. its porosity, surface area, topography and degree of swelling), the amount of sorbent employed, the properties of the ions concerned (e.g. their hydrated ionic radii, coordination complex numbers), the initial concentration of metal ions, the rate of chelate formation between the complexing ligand and the metal ions, and existence of other metal ions capable of competing for the same active complexation sites with the metal ions of interest. Hence, a comparison of the adsorption rates reported would be too difficult; nevertheless, the adsorption rates for Co(II) obtained with the TAR-doped sol-gel silica appeared to be favourable.
Kinetics of Co(II) removal
Removal capacity
The adsorption capacities of the Co(II) ions on the doped sol-gel silica are depicted in Figure 5 as a function of the metal ion concentration within the aqueous phase at equilibrium. The Co(II) ion adsorption capacity of the gel increased at first with increasing initial concentration of the ions and finally attained a saturation level. The maximum adsorption capacity of the doped sol-gel silica was 756 mg/g (12.6 mmol/g) whilst that of the undoped gel was negligible. This considerable difference in capacity level between the doped and undoped gel clearly indicates that the removal of Co(II) by the sol-gel silica could be attributed mainly to the entrapped TAR with the undoped sol-gel material only contributing to a small extent. In other words, ion exchange of TAR with silanol (Si-OH) groups and/or adsorption of Co(II) by -SiO-on the surface of the silica play a very minor role in the removal of Co(II). It was observed that 12.6 mmol Co(II) was removed by a sol-gel silica containing 24.9 mmol TAR, thereby giving an approximate metal/reagent ratio of 1:2 and providing additional support for the idea of a major contribution of the reagent in the removal of Co(II) ions. From the data obtained in this study, it may be concluded that the use of TAR-doped sol-gel silica would appear to provide a promising route for the removal of cobalt ions from aqueous media.
Assuming that the organofunctional groups may be considered as the responsible adsorption sites in the sol-gel material, the fraction of the surface (defined as the ratio N The effect of Co(II) concentration on the adsorption behaviour was examined over a 125-fold range of concentration from 1.33 × 10 -5 to 1.66 × 10 -3 mol/l using 50 mg of the TAR-doped sol-gel silica and allowing 30 min shaking for solutions maintained at pH 6. The corresponding results are depicted in Figure 6 from which it is seen that the distribution ratio showed a sharp decrease up to 0.01 mmol/l and then became almost asymptotic in nature.
From the data obtained, we concluded that the TAN-doped sol-gel silica was promising for the removal for Co(II) ions from aqueous media. Table 1 
